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It is known that the present electroweak vacuum is likely to be metastable and it may lead to a serious insta-
bility during/after inflation. We propose a simple solution to the problem of vacuum instability during/after
inflation. If there is a moduli field which has Planck-suppressed interactions with the standard model fields,
the Higgs quartic coupling in the early universe naturally takes a different value from the present one. A
slight change of the quartic coupling in the early universe makes the Higgs potential absolutely stable and
hence we are free from the vacuum instability during/after inflation.
INTRODUCTION
After the discovery of the 125 GeV Higgs boson [1, 2], one
of the interesting cosmological issues is the stability of the
electroweak vacuum. If we take the center value of the mea-
sured top quark mass [3], the quartic coupling becomes
negative at energy scale of∼ 1010 GeV, and hence the present
electroweak vacuum is metastable [4–14].1 Although the
lifetime of the present vacuum is much longer than the age
of the universe, it is non-trivial whether or not the Higgs falls
into unwanted deeper minimum in the early universe.
First let us suppose that there is no large effective mass
term for the Higgs during inflation. During inflation, the in-
frared (IR) Higgs fluctuations develop. The typical ampli-
tude of the quantum fluctuation generated during the one
Hubble time is ∼Hinf/2pi withHinf being the Hubble scale
during inflation. This process can be viewed as a classical
random walk process [17]. As a result, after N e-foldings,
the mean Higgs field value acquiresp

h2
'pNHinf
2pi
, (1)
where h is the field value of the physical Higgs boson. The
classical motion overcomes this quantum noise for h ¦ hc
where
h2c =
3H 4inf
8pi2m 2eff(hc )
↔ hc ' 0.4Hinf
λ
1
4
. (2)
Here m 2eff(h) = λh
2 is the effective mass of the Higgs. This
means that the natural value of the Higgs field value during
inflation is
h 'min
p
N
Hinf
2pi
, hc

. (3)
Since the total e-folding number N must be larger than ∼
50, we can reasonably take h ∼ hc .
1 It may be possible to make the electroweak vacuum absolutely stable by,
e.g. introducing an additional Higgs portal singlet scalar which acquires
a large vacuum expectation value. See Refs. [15, 16].
So far we have assumed that the Higgs quartic coupling λ
is positive independently of the Higgs field value. However,
it is actually indicated that λ becomes negative at high en-
ergy scale (which we denote by hmax) due to the loop effect
caused by the large top yukawa coupling.2 It is clear that it
leads to a disaster if hmax < hc : in this case the Higgs falls
into the true vacuum during inflation and the present elec-
troweak vacuum is never realized thereafter [18–24].
The vacuum instability during inflation is easily avoided
by introducing a Higgs-inflaton and/or Higgs-curvature
coupling like
V = c I 2|H |2 and/or c ′R |H |2, (4)
where I and R are the inflaton field and Ricci scalar, respec-
tively and H denotes the Higgs doublet. These couplings
generate large mass terms for the Higgs field and hence the
development of IR fluctuations can be suppressed. Even
in this case, however, we must take care of the vacuum
instability occurring after inflation, since these additional
mass terms rapidly oscillate during the inflaton oscillation
era and it leads to the resonant enhancement of the Higgs
fluctuations. To avoid the catastrophe, upper bounds on
these coupling constants are obtained [25–27]. Combined
with the requirement of the vacuum stability during infla-
tion, there is only a small window for the parameter region
of these coupling constants.3
In this letter we propose a different approach for the issue
of the vacuum stability during/after inflation. The crucial
observation is that the Higgs quartic coupling in the early
universe needs not coincide with that of the present value.
In particular, it may depend on the value of some scalar
2 Later we will define hmax in a slightly different manner, but practically
the precise definition is not important.
3 In addition, even if the resonant Higgs production does not cause the
decay of the electroweak vacuum during the preheating stage, it could
happen afterwards. This is because the cosmic expansion reduces the ef-
fective mass term induced by the Higgs-inflaton and/or Higgs-curvature
coupling so that the Higgs fluctuations may eventually overcome the po-
tential barrier. Thermalized population of other SM particles might save
this situation, but it strongly depends on thermalization processes and
further studies are required.
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2field,φ, which we call moduli. Since the field value of mod-
uli during/after inflation can be different from the present
one, it is natural to expect that the quartic coupling in the
early universe is also different from the present one. If the
additional contribution to the quartic coupling is the same
order as the present one, the absolute stability of the Higgs
potential during/after inflation is ensured.
ELECTROWEAK VACUUM STABILIZED BY MODULI
We consider a moduli field φ which has Planck-
suppressed interactions with standard model (SM) fields.
For the stability of Higgs, the most important coupling is the
moduli coupling to the Higgs:
Vh =

λ+ cλ
φ−vφ
MP

|H |4, (5)
where cλ is the coupling constant of O (1), vφ is the present
vacuum expectation value (VEV) of moduli and MP is the
reduced Planck scale. The potential of the moduli is as-
sumed to be
Vφ =
1
2
m 2φ(φ−vφ)2+ C
2
H
2
H 2φ2, (6)
whereH denotes the Hubble parameter, mφ is the moduli
mass and CH is a coupling constant.4 It ensures that in the
early universeH ¦mφ , the moduli sits atφ 'm 2φvφ/(m 2φ+
C 2HH 2). When the moduli is displaced from the minimum
vφ , the effective quartic coupling is given by
λ(φ) =λ0+ cλ
φ−vφ
MP
. (7)
Here and in what follows the subscript 0 indicates that the
quantity is evaluated at the present vacuum φ = vφ . In par-
ticular, during/after inflation at which CHH  mφ (and
hence |φ|  vφ), it is approximately given by
λ(φ)'λ0− cλvφ
MP
≡λ0−ξλ. (8)
Since ξλ is naturally expected to be O (0.1–1), it significantly
modifies the Higgs potential in the early universe and even
the vacuum H = 0 can be absolutely stable.5
Not only the quartic coupling, but also the top yukawa
coupling yt is modified if the moduli has a coupling like
L =

yt 0+ cy
φ−vφ
MP

Q t H˜tR +h.c., (9)
4 Without loss of generality, we can shift the moduli field such that the
Hubble mass term takes the form of∼H 2φ2 and the coupling constants
coincide with the present values at the potential minimum φ = vφ . We
take this convention.
5 We regard the potential as “absolutely stable” if the potential remains
positive up toh 'MP . See also Refs. [28, 29] for possible effects of higher-
dimensional Planck-suppressed operators on the vacuum stability.
where yt 0 is the present top yukawa coupling,Qt is the left-
handed top quark doublet, tR is the right-handed top quark
and cy is a coupling constant of O (1). The effective top
yukawa coupling is given by
yt (φ) = yt 0+ cy
φ−vφ
MP
. (10)
Similarly to the quartic coupling, for CHH  mφ it is ap-
proximately given by
yt (φ)' yt 0− cy vφ
MP
≡ yt 0−ξy . (11)
It is known that the Higgs potential is very sensitive to the
top mass (or top yukawa) and even a few percent decrease
of the top mass compared with the center value makes the
Higgs potential absolutely stable (See e.g., [13]). Since ξy is
naturally expected to be O (0.1–1), it can also significantly
modify the Higgs potential in the early universe through the
radiative correction.6
The gauge coupling constants can also be modified in a
similar fashion by introducing the moduli couplings like
L =−

1+ c g i
φ−vφ
MP

1
4
F aµνF
µνa . (12)
For H  mφ , the gauge couplings g i , with i = 1, 2, 3 cor-
responding to the U(1), SU(2) and SU(3) gauge groups, be-
come
1
g 2i (φ)
' 1
g 2i0

1− c g i vφ
MP

≡ 1
g 2i0
(1−ξg i ). (13)
All of these modifications of coupling constants by the mod-
uli significantly affect the stability of electroweak vacuum in
the early universe. For simplicity, below we consider non-
zero ξλ and ξy only.7
We have calculated the effective potential of the Higgs
at the one-loop order for non-zero ξλ and ξy according to
Ref. [13],
Vh =
λeff(h)
4
h4. (14)
We have imposed the boundary condition (8) and (11) at
the Planck scale and define hmax by (∂ Vh/∂ h)h=hmax = 0. We
have chosen λ0 and yt 0 at the Planck scale such that they
reproduce the current central values of the Higgs and top
quark masses at the electroweak scale when ξλ = ξy = 0.
Fig. 1 plots hmax as a function of ξλ for several choices of ξy .
6 Flavor symmetry may suppress the coupling of the moduli to other SM
quarks and leptons so that they are less important than the top yukawa
coupling for the vacuum stability.
7 The moduli may also couple to the Higgs kinetic term. However, such a
coupling is translated into Eqs. (7) and (9) after canonically normalizing
the Higgs for constantφ. Hence we neglect it here.
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FIG. 1. hmax as a function of ξλ for several choices of ξy . The insta-
bility scale hmax blows up at −ξλ ∼O (0.01) because λ(φ = 0) at the
Planck scale becomes positive at around this point.
It is seen that −ξλ ∼ O (0.01) is sufficient to ensure the ab-
solute stability of the Higgs. Note that we may need at least
hmax ¦Hinf for the vacuum stability because there may be a
infrared cutoff at the energy scale of∼Hinf during inflation.
Here we comment on some subtleties related to the effec-
tive potential. It is known that an effective potential is gen-
erally gauge dependent [30]. Although extrema of the effec-
tive potential are formally gauge independent [31, 32], still
some care is needed to maintain the gauge independence of
the extrema in the perturbative calculation [33]. One should
take care of these subtleties for the precise calculation of,
e.g., the life time of the electroweak vacuum [34]. Our main
purpose here is, however, not to precisely determine ξλ and
ξy needed for the absolute stability of the Higgs, but to
demonstrate our key idea. Hence our treatment is enough
for that purpose.
AFTER INFLATION
In the previous section we have seen that the presence
of the moduli can make the Higgs potential absolutely sta-
ble as long as the moduli φ is displaced from its potential
minimum. However, the deeper minimum appears after
the moduli starts to oscillate. In order for the Higgs not to
fall into the deeper minimum, the amplitude of the Higgs
condensate or the typical fluctuation of the Higgs must be
smaller than ∼ 1010 GeV at H ∼ mφ . This leads to a con-
straint on the moduli mass. Let us now see the dynamics of
the Higgs and moduli after inflation.
Before moduli oscillation
Here we briefly study the dynamics of Higgs conden-
sate after inflation, but before the moduli starts to oscillate:
mφ ®H <Hinf.
First, let us suppose that the Higgs condensate devel-
ops as (2) during inflation. Just after inflation, it starts
to oscillate and it behaves as relativistic matter since the
potential is quartic. At the early stage of Higgs oscilla-
tion, the resonant production of weak gauge bosons hap-
pens [35, 36]while the Higgs amplitude decreases due to the
Hubble expansion. The inflaton decay also produces high-
temperature plasma which scatters off the Higgs conden-
sate. It acts as the dissipation effect on the Higgs conden-
sate [37–47]. Both processes tend to thermalize the Higgs
condensate.
If, on the other hand, the Higgs is strongly stabilized at the
origin due to the coupling like (4) during inflation, highly
inhomogeneous Higgs fluctuations develop after the infla-
ton starts to oscillate [25–27]. The efficiency of weak gauge
boson production is somehow reduced at the first stage
compared with the case of homogeneous Higgs condensate.
Also in this case, the dissipation effect of the plasma pro-
duced by the inflaton decay makes the system close to ther-
malized plasma.
In order to investigate the dissipation effect, we first es-
timate the time when the SM particles produced via the in-
flaton decay are thermalized. To be concrete, suppose that
the inflaton reheats the universe via Planck-suppressed op-
erators. In this case, the thermalization rate is estimated as
Γth ∼ α2T (w.b.)
p
T (w.b.)/m I , where T (w.b.) indicates “would-
be” temperature of radiation when it is thermalized, m I rep-
resents the inflaton mass, and α = g 2/(4pi), with g collec-
tively denoting the gauge and yukawa couplings. Compar-
ing it with the Hubble parameter, one obtains the thermal-
ization time [48, 49]
t −1th ∼α 165 m I

T 2R MP
m 3I
 3
5
(15)
where TR denotes the reheating temperature. The ther-
malization temperature of radiation is then estimated to
be [48, 49]
Tth ∼α4/5m I

T 2R MP
m 3I
 2
5
∼ 9×1011 GeV

α
0.1
 4
5

1013 GeV
m I
 1
5

TR
1010 GeV
 4
5
.
(16)
At that time, the amplitude of Higgs is at most h(t th) ∼
5×1010 GeV (0.01/λ)1/4 owing to the cosmic expansion, even
if we neglect the thermal dissipation of Higgs for h > T [45].
Once the amplitude of Higgs becomes smaller than the cos-
mic temperature T , the dissipation rate of Higgs may be es-
timated as Γdis ∼ α2T . Then, the dissipation rate of Higgs
at t th is simply given by Γdis ∼ α2Tth, which is larger than
the Hubble parameter at t th. Therefore, we expect that the
whole system including Higgs is thermalized at least by t th.
4Now we conservatively impose the condition on the mod-
uli mass as mφ ®CHHT=Tth , i.e.,
mφ ® 3×109 GeVCH

α
0.1
 16
5

1013 GeV
m I
 4
5

TR
1010 GeV
 6
5
.
(17)
It ensures that the Higgs is thermalized before the moduli
starts to oscillate. Once thermalized, we can rely on the
standard analysis based on the thermal bounce calculation.
Thus, the vacuum metastability is maintained for the cen-
ter value of the Higgs and top quark masses even after the
moduli oscillation [50]. (For some subtle issues relating to
the moduli oscillation, see the next subsection.)
We derived a conservative upper bound on the moduli
mass (17), but there is also a lower bound. This is be-
cause the moduli we have introduced couples to SM par-
ticles via Planck-suppressed interactions, and hence it gen-
erally causes a cosmological moduli problem [51–55]. In or-
der for the moduli to decay well before the big-bang nucle-
osynthesis begins, we need mφ ¦ 100 TeV. Anyway, there is a
window for the moduli mass for the present solution to the
vacuum stability problem to work.
After moduli oscillation
Now let us see more closely what happens after moduli
starts to oscillate around its potential minimum: H ®mφ .
Fig. 2 shows the time evolution of the moduliφ forCH = 1, 3
and 10. We assume vφ ® MP/CH so that the moduli does
not dominate the universe before the oscillation.
For CH = 1, the moduli reaches its maximum value
φmax/vφ ' 1.17 during the first oscillation. It means that
the effective quartic coupling atφ =φmax takes
λ(φmax)'λ0+0.17ξλ. (18)
It is slightly (negatively) larger than the present quartic cou-
pling at high energy scales and hence it tends to make the
vacuum unstable compared with the pure SM calculation.
Although it is difficult and beyond the scope of this letter
to precisely analyze the vacuum stability in the presence
of oscillating moduli or the rapidly changing Higgs poten-
tial, we may regard the time-dependent Higgs potential as if
it is static as long as the temperature is much higher than
the moduli oscillation frequency. Actually the last condi-
tion is satisfied for the most cases of our interest. If we take
ξλ '−0.02 for the absolute stability during inflation, the rel-
ative enhancement of the quartic coupling is about 0.3 at
the Planck scale, which does not significantly affect the vac-
uum stability in thermal environment [50].
On the other hand, for CH ¦ 3, the adiabatic suppres-
sion mechanism works [56] and the oscillation amplitude
of the moduli is greatly reduced as seen in Fig. 2.8 In such a
8 The oscillation amplitude is in general not exponentially suppressed as
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FIG. 2. Time evolution of the moduliφ for CH = 1, 3 and 10.
case, there is no enhancement of the Higgs quartic and top
yukawa couplings since the moduli adiabatically relaxes to
the potential minimum and hence the vacuum stability is-
sue reduces to the standard analysis based on the pure SM
couplings.
DISCUSSION
We have shown that the moduli-dependent Higgs quar-
tic (as well as other) couplings can make the electroweak
vacuum stable in the early universe. This provides a simple
solution to the vacuum stability problem during/after infla-
tion. We have demonstrated that the stability of our vacuum
is ensured with a natural choice of parameters;−ξλ ∼O (0.1)
and CH ∼O (1).
Our key idea is that the coupling constants may depend
on the field value of some scalar fields. Although we concen-
trated on the moduli-like field, there are lots of other possi-
bilities. For example, in models with abelian flavor symme-
try [58], yukawa couplings are determined by the so-called
flavon field (for a recent brief review, see e.g. Ref. [59] and
references therein) and it may be natural to consider the
varying yukawa couplings along with the flavon dynamics.9
In this class of models, a complex scalar S, charged under
U(1)F , couples to SM fields like
L =

S
M
nui j
y ui jQ i H˜uR j +

S
M
ndi j
y di jQ iHdR j +h.c., (19)
where M is a cutoff scale. Depending on the charge as-
signments of SM quarks under U(1)F , the exponents n i j
∼ exp(−CH ) for large CH as proved in Ref. [57], but still the amplitude is
suppressed enough to be neglected in our purpose.
9 Recently it is pointed out that the change of yukawa coupling in this class
of models may lead to the first-order electroweak phase transition [60].
5are fixed. For 〈S〉/M ∼ 0.23 and appropriate charge assign-
ments, all the yukawa couplings yi j can be O (1) and hence
the hierarchy of quark masses as well as quark mixing an-
gles are naturally explained. Unfortunately, the top yukawa
entry has nu33 = 0 since the top yukawa coupling is alreadyO (1) without introducing flavon in a typical flavon model .
However, it is allowed to add a flavon-dependent term
L '−|S|2
M 2
|H |4+
 |S|2
M 2
y u33Q3H˜tR +h.c.

, (20)
without conflicting the symmetry. This can modify the
Higgs quartic and top yukawa couplings up to (〈S〉/M )2 ∼
0.05 depending on the flavon dynamics in the early uni-
verse. As we have seen, an O (0.01) change in the quartic
and/or top yukawa is enough to make sure that the vacuum
is absolutely stable. Note that the cosmology is somewhat
nontrivial because the spontaneous breaking of U(1)F sym-
metry after inflation leads to cosmic strings, and if there is
a (small) explicit breaking term, stable or unstable domain
walls will appear depending on the breaking pattern (See
e.g., Refs. [61, 62] for related issues). We leave these issues
for future work.
ACKNOWLEDGMENTS
This work was supported by the Grant-in-Aid for Scientific Re-
search on Scientific Research A (No.26247042 [KN]), Young Sci-
entists B (No.26800121 [KN]) and Innovative Areas (No.26104009
[KN], No.15H05888 [KN]), World Premier International Research
Center Initiative (WPI Initiative), MEXT, Japan (K.M. and K.N.),
JSPS Research Fellowships for Young Scientists (Y.E. and K.M.), and
the Program for Leading Graduate Schools, MEXT, Japan (Y.E.).
[1] G. Aad et al. (ATLAS), Phys. Lett. B716, 1 (2012),
arXiv:1207.7214 [hep-ex].
[2] S. Chatrchyan et al. (CMS), Phys. Lett. B716, 30 (2012),
arXiv:1207.7235 [hep-ex].
[3] The ATLAS, CDF, CMS and D0 Collaborations, (2014),
arXiv:1403.4427 [hep-ex].
[4] P. B. Arnold, Phys. Rev. D40, 613 (1989).
[5] M. Sher, Phys. Rept. 179, 273 (1989).
[6] G. W. Anderson, Phys. Lett. B243, 265 (1990).
[7] P. B. Arnold and S. Vokos, Phys. Rev. D44, 3620 (1991).
[8] J. R. Espinosa and M. Quiros, Phys. Lett. B353, 257 (1995),
arXiv:hep-ph/9504241 [hep-ph].
[9] G. Isidori, G. Ridolfi, and A. Strumia, Nucl. Phys. B609, 387
(2001), arXiv:hep-ph/0104016 [hep-ph].
[10] J. R. Espinosa, G. F. Giudice, and A. Riotto, JCAP 0805, 002
(2008), arXiv:0710.2484 [hep-ph].
[11] J. Ellis, J. R. Espinosa, G. F. Giudice, A. Hoecker, and A. Riotto,
Phys. Lett. B679, 369 (2009), arXiv:0906.0954 [hep-ph].
[12] F. Bezrukov and M. Shaposhnikov, JHEP 07, 089 (2009),
arXiv:0904.1537 [hep-ph].
[13] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F.
Giudice, G. Isidori, and A. Strumia, JHEP 08, 098 (2012),
arXiv:1205.6497 [hep-ph].
[14] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice,
F. Sala, A. Salvio, and A. Strumia, JHEP 12, 089 (2013),
arXiv:1307.3536 [hep-ph].
[15] O. Lebedev, Eur. Phys. J. C72, 2058 (2012), arXiv:1203.0156
[hep-ph].
[16] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee, and
A. Strumia, JHEP 06, 031 (2012), arXiv:1203.0237 [hep-ph].
[17] A. A. Starobinsky and J. Yokoyama, Phys. Rev. D50, 6357
(1994), arXiv:astro-ph/9407016 [astro-ph].
[18] O. Lebedev and A. Westphal, Phys. Lett. B719, 415 (2013),
arXiv:1210.6987 [hep-ph].
[19] M. Fairbairn and R. Hogan, Phys. Rev. Lett. 112, 201801 (2014),
arXiv:1403.6786 [hep-ph].
[20] A. Hook, J. Kearney, B. Shakya, and K. M. Zurek, JHEP 01, 061
(2015), arXiv:1404.5953 [hep-ph].
[21] M. Herranen, T. Markkanen, S. Nurmi, and A. Rajantie, Phys.
Rev. Lett. 113, 211102 (2014), arXiv:1407.3141 [hep-ph].
[22] K. Kamada, Phys. Lett. B742, 126 (2015), arXiv:1409.5078
[hep-ph].
[23] J. Kearney, H. Yoo, and K. M. Zurek, Phys. Rev. D91, 123537
(2015), arXiv:1503.05193 [hep-th].
[24] J. R. Espinosa, G. F. Giudice, E. Morgante, A. Riotto, L. Sen-
atore, A. Strumia, and N. Tetradis, JHEP 09, 174 (2015),
arXiv:1505.04825 [hep-ph].
[25] M. Herranen, T. Markkanen, S. Nurmi, and A. Rajantie, Phys.
Rev. Lett. 115, 241301 (2015), arXiv:1506.04065 [hep-ph].
[26] Y. Ema, K. Mukaida, and K. Nakayama, (2016),
arXiv:1602.00483 [hep-ph].
[27] K. Kohri and H. Matsui, (2016), arXiv:1602.02100 [hep-ph].
[28] V. Branchina and E. Messina, Phys. Rev. Lett. 111, 241801
(2013), arXiv:1307.5193 [hep-ph].
[29] V. Branchina, E. Messina, and M. Sher, Phys. Rev. D91, 013003
(2015), arXiv:1408.5302 [hep-ph].
[30] R. Jackiw, Phys. Rev. D9, 1686 (1974).
[31] N. K. Nielsen, Nucl. Phys. B101, 173 (1975).
[32] R. Fukuda and T. Kugo, Phys. Rev. D13, 3469 (1976).
[33] A. Andreassen, W. Frost, and M. D. Schwartz, Phys. Rev. Lett.
113, 241801 (2014), arXiv:1408.0292 [hep-ph].
[34] A. V. Bednyakov, B. A. Kniehl, A. F. Pikelner, and O. L. Veretin,
Phys. Rev. Lett. 115, 201802 (2015), arXiv:1507.08833 [hep-
ph].
[35] D. G. Figueroa, J. Garcia-Bellido, and F. Torrenti, Phys. Rev.
D92, 083511 (2015), arXiv:1504.04600 [astro-ph.CO].
[36] K. Enqvist, S. Nurmi, S. Rusak, and D. Weir, JCAP 1602, 057
(2016), arXiv:1506.06895 [astro-ph.CO].
[37] A. Berera, Phys. Rev. Lett. 75, 3218 (1995), arXiv:astro-
ph/9509049 [astro-ph].
[38] A. Berera, I. G. Moss, and R. O. Ramos, Rept. Prog. Phys. 72,
026901 (2009), arXiv:0808.1855 [hep-ph].
[39] M. Bastero-Gil and A. Berera, Int. J. Mod. Phys. A24, 2207
(2009), arXiv:0902.0521 [hep-ph].
[40] M. Bastero-Gil, A. Berera, and R. O. Ramos, JCAP 1109, 033
(2011), arXiv:1008.1929 [hep-ph].
[41] J. Yokoyama, Phys. Rev. D70, 103511 (2004), arXiv:hep-
ph/0406072 [hep-ph].
[42] J. Yokoyama, Phys. Lett. B635, 66 (2006), arXiv:hep-
ph/0510091 [hep-ph].
[43] M. Drewes, (2010), arXiv:1012.5380 [hep-th].
[44] M. Drewes and J. U. Kang, Nucl. Phys. B875, 315 (2013), [Erra-
tum: Nucl. Phys.B888,284(2014)], arXiv:1305.0267 [hep-ph].
[45] K. Mukaida and K. Nakayama, JCAP 1301, 017 (2013),
arXiv:1208.3399 [hep-ph].
[46] K. Mukaida and K. Nakayama, JCAP 1303, 002 (2013),
arXiv:1212.4985 [hep-ph].
6[47] K. Mukaida, K. Nakayama, and M. Takimoto, JHEP 12, 053
(2013), arXiv:1308.4394 [hep-ph].
[48] K. Harigaya and K. Mukaida, JHEP 05, 006 (2014),
arXiv:1312.3097 [hep-ph].
[49] K. Mukaida and M. Yamada, JCAP 1602, 003 (2016),
arXiv:1506.07661 [hep-ph].
[50] L. Delle Rose, C. Marzo, and A. Urbano, JHEP 05, 050 (2016),
arXiv:1507.06912 [hep-ph].
[51] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, and G. G.
Ross, Phys. Lett. B131, 59 (1983).
[52] J. R. Ellis, D. V. Nanopoulos, and M. Quiros, Phys. Lett. B174,
176 (1986).
[53] A. S. Goncharov, A. D. Linde, and M. I. Vysotsky, Phys. Lett.
B147, 279 (1984).
[54] T. Banks, D. B. Kaplan, and A. E. Nelson, Phys. Rev. D49, 779
(1994), arXiv:hep-ph/9308292 [hep-ph].
[55] B. de Carlos, J. A. Casas, F. Quevedo, and E. Roulet, Phys. Lett.
B318, 447 (1993), arXiv:hep-ph/9308325 [hep-ph].
[56] A. D. Linde, Phys. Rev. D53, 4129 (1996), arXiv:hep-
th/9601083 [hep-th].
[57] K. Nakayama, F. Takahashi, and T. T. Yanagida, Phys. Rev. D84,
123523 (2011), arXiv:1109.2073 [hep-ph].
[58] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B147, 277 (1979).
[59] M. Bauer, T. Schell, and T. Plehn, (2016), arXiv:1603.06950
[hep-ph].
[60] I. Baldes, T. Konstandin, and G. Servant, (2016),
arXiv:1604.04526 [hep-ph].
[61] J. Preskill, S. P. Trivedi, F. Wilczek, and M. B. Wise, Nucl. Phys.
B363, 207 (1991).
[62] F. Riva, Phys. Lett. B690, 443 (2010), arXiv:1004.1177 [hep-ph].
